The paper studies the circularly polarized photoluminescence ͑PL͒ from dilute GaAsN alloys with nitrogen content of 1%-3.4%, grown on GaAs substrates. The room-temperature PL is found to consist of two bands whose splitting grows with increasing nitrogen content. The analysis of the PL circular polarization has shown that the PL bands originate from the splitting of light-and heavy-hole subbands, induced by an elastic strain in GaAsN layer. The dependence of the energy gap of unstrained GaAsN on the nitrogen content has been calculated using the measured light-and heavy-hole splittings.
I. INTRODUCTION
GaAsN and InGaAsN alloys have recently been suggested as promising materials for near-infrared optoelectronics. 1 The merit of these materials is due to the strong bowing of the energy gap in the GaAs-GaN alloy system, which extends the spectral range of emission to 1.3 m and beyond. [1] [2] [3] [4] In addition to the bowing effect, the energy gaps of GaAsN and InGaAsN layers grown on GaAs substrate can also be changed by the strain caused by a large lattice mismatch between the layer and substrate even at a low nitrogen content. [4] [5] [6] In this paper, we analyze the influence exerted by strain on the valence-band splitting and the energy gap in GaAsN layers grown on GaAs substrates, using circularly polarized photoluminescence ͑PL͒. The analysis of the PL circular polarization allowed us to identify the type of recombination transitions and determine the strain-induced valence-band splitting in GaAsN alloy. Based on the results obtained, we calculated the dependence of the energy gap on the nitrogen content of unstrained GaAsN.
The idea of our analysis is the following. In group III-V semiconductors, the interband absorption of circularly polarized light is known 7 to be accompanied by electron-spin polarization. If the electrons do not lose the polarization during their lifetime, the recombination emission is also circularly polarized. The degeneracy at the ⌫ point of the upper valence band in group III-V semiconductors can be lifted by uniaxial strain. In the case of uniaxial compression, the top of a lighthole band, with the projections of the angular momentum m = ±1/2, lies above the heavy-hole band with m = ±3/2. 8 The signs of the circular polarization of PL were found [7] [8] [9] to be opposite for recombination involving light and heavy holes. In addition, the polarization sign of light-hole recombination is opposite to that of the polarization of the exciting beam. Therefore, by measuring the PL polarization signs we can distinguish between the recombination transitions involving light or heavy holes in the strained GaAsN.
II. SAMPLES AND EXPERIMENTAL DETAILS
GaAsN layers were grown by rf-plasma-assisted solidsource molecular-beam epitaxy at 350-450°C on semiinsulating ͑001͒ GaAs substrates. A series of 0.1-m-thick GaAsN layers with the nitrogen content in the range of 0.01-0.034 was grown. GaAs 0.965 N 0.035 layer with a thickness of 1.5 m was also grown for comparative study. The nitrogen content of the alloy and the crystallinity of the layers grown were examined by means of x-ray diffraction technique.
Continuous-wave Ar + and tunable Ti:sapphire lasers were used for PL excitation. The PL spectra were recorded along the growth axis in the backscattering configuration, using either a Ge photodiode or an InGaAsP photomultiplier. The spin polarization of electrons was created by circularly polarized light. 7 It was monitored by measuring the degree of circular polarization of PL, which is defined as = ͑I
where I + and I − are the right and left circularly polarized PL components, respectively. A highly sensitive polarization analyzer 10 with an InGaAsP photomultiplier, a quartz polarization modulator, and a two-channel photon counter synchronized with the polarization modulator were used to measure the circular polarization of PL up to 1.4 m with an accuracy better than 0.1%. The PL measurements were carried out at 300 or 77 K.
III. EXPERIMENTAL OBSERVATIONS

A. X-ray diffraction analysis
The crystal perfection, pseudomorphic character of growth, i.e., the degree of crystal lattice relaxation, and the composition of the ternary solid solution were determined by high-resolution x-ray diffraction ͑HRXD͒ technique. The typical HRXD rocking curves near symmetric ͑004͒ and asymmetric ͑115͒ reflections of GaAs are shown in Figs. 1͑a͒ and 1͑b͒. The data for a thick layer with the nitrogen content of about 0.035 and a thin layer with the nitrogen content of about 0.034 are presented in Figs. 1͑a͒ and 1͑b͒ , respectively. The curves ͑115͒ + and ͑115͒ − correspond to different incidence angles of the x-ray beam Br ± ␣, where Br is the Bragg angle and ␣ is the angle between the ͑004͒ and ͑115͒ directions. The measured value of the angle between GaAsN-related diffraction peaks in ͑115͒ + and ͑115͒ − curves ͑about 1480 arc sec͒ for a thin layer with x = 0.034 coincides well with the calculated value of this angle for a pseudomorphically grown layer. It evidences that the strain relaxation in the lattice of thin GaAs 1−x N x ͑x = 0.034͒ does not exceed 1%, which is within the limits of the experimental accuracy. The lines in Fig. 1͑c͒ represent the calculated angles ⌬ between GaAs and GaAsN x-ray diffraction peaks of HRXD rocking curves near symmetric ͑004͒ reflections of GaAs for elastically strained ͑solid line͒ and fully strain-relaxed ͑dashed line͒ layers:
where a Ќ is the lattice constant of the layer along the growth direction, a 0 is the GaAs substrate lattice constant, and Br = 33.024°. The measured values of ⌬ are shown by squares for the thin layers and by a circle for the thick layer. The strain relaxation of the thick layer leads to an increase in the lattice constant a Ќ , in the direction perpendicular to the layer plane, and to a reduced angle difference ⌬ as compared with that for elastically strained GaAsN. Indeed, the measured value of ⌬ for the thick GaAs 0.965 N 0.035 film ͓circle in Fig. 1͑c͔͒ deviates significantly towards the dependence calculated for fully strain-relaxed layers ͑dashed line͒. In the rocking curve in Fig. 1͑b͒ recorded for the symmetric reflection, the half-width of the peak from a nitrogencontaining layer is rather small ͑close to that calculated for the ideal case͒, which confirms the good homogeneity of the layer and its high crystal perfection. The presence of interference peaks in the curve indicates the planarity of the structure heterointerfaces.
Therefore, we can conclude that thin ͑0.1 m͒ layers of GaAsN have high crystal perfection; they are elastically strained GaAsN layers grown pseudomorphically on a GaAs substrate, with a nitrogen content in the layer of up to 0.034. At the same time, a thick ͑1.5 m͒ GaAs 1−x N x ͑x = 0.035͒ layer is partly, about 40%, strain relaxed. Figure 2͑b͒ shows room-temperature PL spectra of elastically strained thin GaAsN layers with different nitrogen contents. It is seen that the PL spectra shift to lower energies with increasing nitrogen content. Each PL spectrum consists of two bands. For illustration, the dashed lines represent two calculated curves whose sum approximates the PL spectrum for the sample with x = 0.034. The energy gap between these bands increases with nitrogen content. These two bands in every PL spectrum can be interpreted as originating from the splitting of light-and heavy-hole bands in GaAsN. 6, 11, 12 Indeed, the smaller lattice constant of GaAsN, as compared with that of the GaAs substrate, results in a biaxial tension of the GaAsN layer, which is equivalent to uniaxial compression along the growth axis. The uniaxial strain is accompanied by splitting of light-and heavy-hole bands 8 as the content of N increases to become 50 meV at x Ϸ 0.035. 4, 6, 12 The PL spectrum of a partly relaxed GaAs 0.965 N 0.035 layer is shown in Fig. 2͑a͒ . It is seen that the strain relaxation results in a blueshift of the PL peak.
B. Experimental study of photoluminescence and optical orientation
Spectra of PL ͑solid lines͒ and circular polarization of PL ͑full circles͒ of three thin GaAsN samples under study with nitrogen contents of 0.021, 0.027, and 0.034 are shown in Fig. 3 . It can be seen that, for all the three samples, the low-energy PL band is negatively polarized ͑relative to the polarization of the exciting beam͒, whereas the high-energy band is positively polarized.
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A qualitatively similar polarization spectrum ͑open squares͒ has been observed at T =77 K ͑Fig. 4͒. Thermalization of carriers at low temperature results in that the lowenergy band peaked at 1.192 eV is predominant in the PL spectrum ͑solid line͒, and the high-energy band is represented by a weak shoulder at 1.21-1.24 eV. The PL polarization spectrum ͑open squares in Fig. 4͒ shows that, as in the case of room temperature, the low-energy band is polarized negatively, and the high-energy band, positively. It should be noted that it is reasonable to associate the PL at h det Ͻ 1.15 eV with the density-of-states tail.
14 The PL lines near 1.5 eV are associated with the emission from the GaAs barrier.
Let us correlate the signs of the circular polarization of PL, found in the experiment, and the types of recombination transitions. In strained semiconductors, this correlation has been studied in detail theoretically and experimentally ͑for a review, see Chap. 2 in Ref. 7 ; henceforth, we follow this review͒. The interband absorption of circularly polarized light ͑angular momentum of photons, m photon = ±1͒ in semiconductors with a zinc-blende structure is accompanied by polarization of electrons in the conduction band. 15 The spins of electrons excited from heavy-͑projection of the angular momentum of holes at the ⌫ point, m = ±3/2͒ and light-hole ͑m = ±1/2͒ subbands are oppositely directed ͑as the quantization axis in strained GaAsN layers serves the direction of the uniaxial deformation, to which the directions of excitation and recording of PL are parallel in our experiments͒. For example, the absorption of right-polarized photons ͑m photon = +1͒ gives electrons with projections of the angular momentum m e = +1/2 and m e = −1 / 2 for the lh-c and hh-c transitions, respectively. The probability of hh-c transitions is three times that of the lh-c transitions, and, therefore, at a photon energy sufficient for simultaneous excitation of both the transitions the average spin of electrons in the conduction band has the same direction as that in the hh-c transitions, but the degree of electron polarization P e , at the instant of generation is P e0 = −50%. PL caused by recombination of polarized electrons is also circularly polarized. The transitions − Therefore, the degrees of circular polarization of PL with assistance of light and heavy holes have the same absolute values, but opposite signs: lh = P e , hh =−P e . It should be emphasized that, in the case of excitation from both subbands, the sign of polarization of the emission involving light holes is opposite to that of the exciting light.
The PL polarization spectra in Figs. 3 and 4 were measured at simultaneous excitation of electrons from both valence subbands. Thus, the negative polarization of the lowenergy PL line and the positive polarization of the highenergy PL line demonstrate unambiguously that the low-and high-energy PL bands are due to recombination involving light and heavy holes, respectively. This conclusion is also confirmed by the analysis of the excitation spectrum of the PL polarization, as shown in Fig.  4 by full circles. This spectrum was measured at the peak of the low-energy PL line ͑h det = 1.192 eV͒. It can be seen that the polarization of PL is negative and remains virtually constant as the excitation photon energy h exc decreases from 1.45 to Ϸ 1.23 eV. If h exc is lowered further, the polarization of PL decreases sharply and its sign changes to positive at h exc = 1.216 eV. Such a shape of the excitation spectrum can be only understood on the assumption that the lowenergy PL band, at whose center the spectrum was measured, is due to recombination processes involving light holes. Indeed, the lh-c and hh-c transitions are simultaneously excited at h exc Ͼ 1.23 eV. In this case, the polarization of the c-lh recombination must be negative under excitation with + light because it is determined by the negative direction of the spin of electrons excited from the heavy-hole subband ͑− The spin-related nature of the circular polarization of PL, observed in GaAsN alloys, is confirmed by its diminishing in a transverse magnetic field ͑Hanle effect 7 ͒ ͑see Fig. 5͒ . The magnetic depolarization curves measured at room temperature in a thin GaAs 0.979 N 0.021 layer near PL peaks caused by a recombination of polarized electrons with light and heavy holes are shown in Fig. 5 . The fact that the half-widths of both the curves are equal confirms the assumption that the polarization in both the PL bands is due to polarization of electrons in the conduction band. The Hanle effect for electrons is described by a Lorentz curve with half-width at half maximum, B 1/2 = ប / g B T s , where g is the Lande g factor, B is the Bohr magneton, and T s is the lifetime of the electron spin. 7 The value of B 1/2 ϳ 100 G, found from the curves in Fig. 5 , makes it possible to evaluate the scaled electron-spin lifetime gT s ϳ 10 −9 s. Figure 6 shows the energy positions of the peaks of both bands in the PL spectra ͓Fig. 2͑b͔͒ of samples with different contents of nitrogen. It can be seen that, as the nitrogen content increases, the spectral splitting of the PL bands grows to become 50 meV for x = 0.034. The experimental dependences in Fig. 6 are well approximated with curves ͑solid lines in Fig. 6͒ calculated using the dispersion relation obtained in the frame of the band anticrossing ͑BAC͒ model:
IV. CALCULATION OF THE ENERGY GAP IN UNSTRAINED GaAsN
where x is the nitrogen content, E C ͑0͒ = 1.42 eV is the band gap of GaAs at room temperature, and E N is the energy of the localized states caused by the substitutional N atoms. E N is known to be 0.23 eV above the GaAs conduction-band edge. 17 The adjustable hybridization parameter V describes the coupling between the localized states and the conductionband states of the GaAs matrix. The fitting curves c-lh and c-hh in Fig. 6 have been calculated at V = 2.86 eV and V = 2.61 eV, respectively. These values of V are close to V = 2.7 eV reported recently for similar samples. 17 However, the BAC model was developed for an unstrained material and therefore the strain-induced changes of the energy bands in the films under study should be taken into account for a correct application of the BAC model.
The pseudomorphic growth of elastically strained layers leads to a biaxial strain ʈ in the growth plane and to a uniaxial strain Ќ in the growth direction,
where a ʈ = a 0 , ͑4a͒
Here, a 0 is the lattice constant of the substrate, and a is the lattice constant of a freestanding ͑unstrained͒ layer of the composition under study. The constant D depends on the elastic constants of the material and on the orientation of the substrate. D 001 is the constant D for the ͑001͒ orientation of the interface.
The strain in the GaAsN layer grown on the GaAs substrate can be regarded as having two components: shear and hydrostatic. The hydrostatic component of the strain is responsible for the shift of the valence-and conduction-band edges:
where a v , a c are the hydrostatic deformation potentials for the valence and conduction bands. The shear component leads, via the spin-orbit interaction, to splitting of the valence-band edge at the ⌫ points into the light-and heavyhole subbands. At the ͑001͒ orientation of the substrate, the energy shifts of the light-and heavy-hole subbands with respect to the energy of heavy holes are given by 18 ⌬E hh sh = 1 2
␦E
sh , ͑6a͒ 
where ⌬ 0 is the spin-orbit splitting in the absence of strain, and ␦E
sh is the shift associated with strain. For the case in question, in which the substrate is oriented in the ͑001͒ plane, this shift is given by
where b is the potential of the shear tetragonal deformation.
The conduction band at the ⌫ point is not affected by the shear component of the strain. It follows from Eqs. ͑6a͒ and ͑6b͒ that the energy gap of strained GaAsN is determined by the energy at which lies the top of the light-hole subband. Thus, the low-energy band in the PL spectra of the GaAsN layer in Fig. 2͑b͒ corresponds to a radiative recombination of an electron and a light hole, and the high-energy band, to the recombination of an electron and a heavy hole, which was confirmed in Sec. III A by the analysis of the polarization of these PL bands.
Using Eqs. ͑3͒-͑7͒, we calculated how the shift of energy levels and the energy gap between the tops of the heavy-and light-hole bands depend on the nitrogen content in the layers under study. The constants a c = −7.17 eV, a v = 1.16 eV, C 11 = 1.18ϫ 10 12 dyn/ cm 2 , C 12 = 0.54 ϫ 10 12 dyn/ cm 2 , ⌬ 0 = 0.34 eV, and b = −1.7 eV for GaAs were taken from Ref. 18 . The effect of incorporated nitrogen on the elastic constants and the spin-orbit splitting ⌬ 0 was disregarded. The results of the calculation are shown in Fig.  7 by solid lines. The experimental energy gaps between the PL bands ͑Fig. 2͒ are shown in Fig. 7 by full circles. The good agreement between the theoretical ͑⌬E lh sh − ⌬E hh sh curve͒ and experimental energy gaps suggests that the model described above and the constants of gallium arsenide can be used to evaluate the band splitting in thin strained GaAsN layers.
The energy gap in thin strained GaAsN layers grown on GaAs substrates corresponds to the energy of an electronhole transition involving a light hole ͑fitting curve c-lh in Figs. 6 and 8͒ . Calculations of the energy gap for unstrained ͑freestanding͒ GaAsN were performed for all the measured energy-gap values. The calculated data are presented by open triangles in Fig. 8 . The solid line in Fig. 8 is the fitting curve calculated according to Eq. ͑2͒ ͑BAC model͒ with V = 2.42 eV. The energy gap of freestanding GaAsN steadily decreases from 1.42 to 1.08 eV as the nitrogen content grows from 0% to 3.4%. The difference in energy gap between the freestanding and elastically strained GaAs 0.966 N 0.034 is as much as 90 meV. That is a quarter of the total energy-gap reduction.
In addition to our results, Fig. 8 shows the experimental data obtained by Uesugi et al. 19 and Perkins et al. 20 on thin and thick GaAsN layers grown on GaAs substrates, respectively. It can be seen that the data obtained by Uesugi et al. on thin layers ͑open circles͒ are in a good agreement with our experimental dependence of the energy gap ͑dashed line͒, whereas the results of Perkins et al., obtained on thick ͑relaxed͒ layers ͑full squares͒, well coincide with our calculated curve ͑solid line͒. This coincidence confirms also the adequacy of the approach we chose.
In conclusion, we observed two bands in PL spectra of elastically strained ternary GaAsN solid solutions grown on GaAs substrates. As demonstrated by an analysis of their circular polarizations, these bands are associated with electron-hole transitions involving light and heavy holes. The energy gap between the peaks of these bands corresponds to the calculated splitting of light-and heavy-hole subbands induced by the elastic strain of the GaAsN layer. The dependence of the fundamental energy gap on the nitrogen content for unstrained GaAsN alloys has been calculated, taking into account the effect of the elastic strain on the position of the energy bands. 
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